ABSTRACT. We developed a neurosurgical operating table for restraining adult cattle in the sternal recumbent position during long-time inhalation anesthesia, and examined intracranial pressure (ICP), blood pressure and blood gases during isoflurane anesthesia. We confirmed that the maintenance of inhalation anesthesia, the restraint of cattle in the sternal recumbent position and bringing the cattle out of anesthesia could all be carried out safely using the operating table we produced. For the purposes of the present experiment, the cattle were divided into 2 groups: the SR group, which underwent sternal recumbency for 8 hr under isoflurane anesthesia using the neurosurgical operating table, and the RR group, which underwent right lateral recumbency for 3 hr under isoflurane anesthesia on a standard operating table. The mean ICP was found to be significantly lower in the SR group than in the RR group during anesthesia, and PaO 2 was significantly higher in the SR group. In the SR group, no complications such as regurgitation or ruminal tympany occurred for 8 hr after the induction of anesthesia, and recovery from anesthesia was uneventful. In contrast, all RR cattle showed ruminal tympany and regurgitated ruminal fluid at 3 hr after the induction of anesthesia. Thus, the neurosurgical operating table developed in the present study may be useful for long-time anesthesia and neurosurgery of adult cattle. Although small domestic animals such as goats and calves have been employed in neuroscientific research [7, 14, 25] , such research is rarely carried out in large domestic animals such as adult cattle since safe methods for doing so have not yet been established. Central nervous system (CNS) disease such as hydrocephalus, intraorbital lymphoma and intraorbital abscess is reported in cattle [23] . These CNS diseases may require neurosurgical correction for functional recovery. In order to perform neurosurgery of cattle, inhalation anesthesia must be maintained for long periods of time [4] . In adult cattle, inhalation anesthesia is generally carried out in the lateral recumbent or dorsal recumbent position. When the posture of the animal is changed from the standing position to the lateral or dorsal recumbent position, heart rate, respiratory rate and plasma cortisol levels increase, while PaO 2 decreases [9, 20, 21] . In addition, general anesthesia and recumbency in cattle cause complications such as regurgitation and ruminal tympany. Therefore, in adult cattle, it is difficult to maintain inhalation anesthesia for long periods of time in the lateral recumbent or dorsal recumbent position. Furthermore, it is important to monitor and control intracranial pressure (ICP) during neurosurgery, but very little research has been conducted on changes in ICP in cattle [2] .
Although small domestic animals such as goats and calves have been employed in neuroscientific research [7, 14, 25] , such research is rarely carried out in large domestic animals such as adult cattle since safe methods for doing so have not yet been established. Central nervous system (CNS) disease such as hydrocephalus, intraorbital lymphoma and intraorbital abscess is reported in cattle [23] . These CNS diseases may require neurosurgical correction for functional recovery. In order to perform neurosurgery of cattle, inhalation anesthesia must be maintained for long periods of time [4] . In adult cattle, inhalation anesthesia is generally carried out in the lateral recumbent or dorsal recumbent position. When the posture of the animal is changed from the standing position to the lateral or dorsal recumbent position, heart rate, respiratory rate and plasma cortisol levels increase, while PaO 2 decreases [9, 20, 21] . In addition, general anesthesia and recumbency in cattle cause complications such as regurgitation and ruminal tympany. Therefore, in adult cattle, it is difficult to maintain inhalation anesthesia for long periods of time in the lateral recumbent or dorsal recumbent position. Furthermore, it is important to monitor and control intracranial pressure (ICP) during neurosurgery, but very little research has been conducted on changes in ICP in cattle [2] .
The purposes of this study were to develop a neurosurgical operating table for restraining adult cattle in the sternal recumbent position during long-time inhalation anesthesia, and to examine ICP, blood pressure and blood gases in isoflurane-anesthetized adult cattle.
MATERIALS AND METHODS

Development of a neurosurgical operating table:
We developed a neurosurgical operating table for restraining adult cattle in the sternal recumbent position (Fig. 1) . The size of the table is 150 cm in width, 463 cm in length and 230 cm height, with a weight of 2 tons. The frame of the table is made of stainless steel. The main body of the operating table can be raised to 950 cm by pressure lift, and the head lift can be raised to 40 cm. The position of the table is manipulated by a control panel (200V). The operating table consists of an air bag restraint system, a lift for fixing the position of the lumbar region of the animal, an alarm device, a wide frame, a screen to prevent excessive motion and an emergency shutdown lever. The surface of the operating table is covered with natural rubber.
Animals: Six healthy Holstein cows weighing 425 to 625 kg were used in the present experiment. The animals were housed in individual stanchion stalls, and were given a commercial cattle concentrate, hay and free access to water. The handling of all animals used in this experiment was approved by the Institutional Care and Use Committee for Laboratory Animals of the National Institute of Animal Health.
Catheterization for measurement of ICP and arterial blood pressure: Food and water were withheld for 24 hr prior to anesthesia. After the cattle were guided to the neurosurgical operating table, a stanchion was installed at the head of the cattle. Each animal was premedicated intramuscularly with atropine sulfate (0.03 mg/kg; Fuso Pharmaceu-tical Industries, Ltd, Osaka, Japan). After 10 min, anesthesia was induced by intravenous infusion of ketamine hydrochloride (2 mg/kg; Sankyo Co., Tokyo, Japan) and xylazine hydrochloride (0.2 mg/kg; Bayer, Leverkusen, Germany). The cattle were placed in the sternal recumbent position using the air bag on the operating table, a large animal endotracheal tube was inserted and connected to the anesthesia apparatus of a semi-closed circle system (Senko Medical Instruments, Tokyo, Japan), and anesthesia was induced with isoflurane (Dainippon Pharmaceutical, Osaka, Japan), oxygen and nitrous oxide. The operating table was raised to the appropriate level for efficient operation, and the head lift was raised an additional 30 cm to prevent regurgitation of ruminal fluid (Fig. 1B) .
Skin and muscle were retracted to expose the frontal bone. The frontal bone and sinus cavity were removed using a Neuroairtome Drill (3 M Health Care, St. Paul, MN, U.S.A.) to drill a hole 2 × 2.5 cm at the appropriate places to expose the dura mater. A catheter for ICP measurement (ICP Monitoring Kit, TM-200T, Nihon Kohden, Tokyo, Japan) was carefully inserted, using a spatula to separate the skull and the dura mater. The dura mater was covered with a gelatin sponge (Yamanouchi Pharmaceutical, Tokyo, Japan), and the catheter was fixed to the frontal bone with acrylic dental cement (GC, Tokyo, Japan), after shaping it to the position required based on the removed skull. Next, the ICP catheter was positioned in a fabric bag (13 × 10 cm) installed in the occiput, using a hypodermic needle to assist in placement.
Following the installation of the ICP catheter, further catheterization was performed by insertion of an 18-gauge catheter (Medicut UK-II Catheter Kit, Unitika, Hyogo, Japan) 55 cm into the left femoral artery.
After the cattle were sedated intramuscularly with xylazine hydrochloride (0.05 mg/kg; Bayer), the anesthetic circuit was disconnected. The endotracheal tube was removed immediately once swallowing was observed. The cattle were injected intramuscularly with antibiotics (Doupen, 10 mg/kg, Tanabe Seiyaku, Osaka, Japan) prior to sugery and for 3 days after surgery. The cattle were returned to their stalls 2 to 3 hr after anesthesia.
Experimental procedure: The experiment was carried out using cattle at a minimum of 14 days after surgery. The animals for the experiment were divided into two groups: the SR group (n=3) underwent sternal recumbency for 8 hr under isoflurane anesthesia using our neurosurgical operating table, and the RR group (n=3) underwent right lateral recumbency for 3 hr under isoflurane anesthesia using a standard operating table. Food and water were withheld for 24 hr prior to anesthesia in each group.
For the SR group, the cattle were guided to the neurosurgical operating table, where they were administered an intravenous infusion of ketamine hydrochloride (2 mg/kg) and xylazine hydrochloride (0.2 mg/kg), and an intramuscularly infusion of atropine sulfate (0.03 mg/kg). The cattle were placed in the sternal recumbent position, an endotracheal tube was inserted, and anesthesia was induced with isoflurane, oxygen and nitrous oxide. The vaporizer settings were 3 to 4% during the first 10 min and were then maintained at 2.5%. The oxygen flow rate was 3 l/min and the nitrous oxide flow rate was 1.5 l/min. The head lift of the operating table was raised to 30 cm to prevent regurgitation of ruminal fluid. The duration of anesthesia was 480 min.
For the RR group, the cattle were guided to the operating table (Fujihira Kogyo Co., Tokyo, Japan), where they were placed in the right lateral recumbent position. They were administered an intravenous infusion of ketamine hydrochloride (2 mg/kg) and xylazine hydrochloride (0.2 mg/kg), and an intramuscularly infusion of atropine sulfate (0.03 mg/kg). An endotracheal tube was inserted, and anesthesia was induced with isoflurane, oxygen and nitrous oxide. The vaporizer settings were 3 to 4% during the first 10 min and were then maintained at 2.5%. The oxygen flow rate was 3 l/min and the nitrous oxide flow rate was 1.5 l/min. The duration of anesthesia was 180 min.
In both groups, after the period of anesthesia ended, the anesthetic circuit was disconnected. The endotracheal tube was removed as soon as swallowing was observed. Two to 3 hr after anesthesia, all cattle were returned to their stalls.
Measurements: Rectal temperature (°C), heart rate (beats/ min), respiratory rate (breaths/min), blood glucose concentrations (mg/dl), arterial blood pH (pHa), arterial carbon dioxide tension (PaCO 2 ; mmHg), arterial oxygen tension (PaO 2 ; mmHg), ICP (mmHg) and arterial blood pressure (mmHg) were determined during anesthesia in all cattle.
An electrocardiogram (ECG) was recorded using AB leads. Respiratory rate was measured based on the movements of the thorax (TSD201, Biopac Systems, Inc., CA, U.S.A.). Systolic, mean and diastolic arterial blood pressures (SAP, MAP, and DAP, respectively) were measured by connecting the catheter which had been placed in the left femoral artery to a pressure transducer (TP-400T, Nihon Kohden), and maximum, mean and minimum ICPs were measured by connecting the catheter which had been placed on the dura mater to a pressure transducer (TP-400T, Nihon Kohden). The recording and analysis of ECG, respiratory rate, arterial blood pressure and ICP were carried out using a monitoring system (MP-100WS, Biopac). To measure ICP, the pressure transducer was positioned at the level of the brain, while to measure arterial blood pressure, the pressure transducer was positioned at the level of the heart.
Arterial blood was anaerobically collected from the catheter in the left femoral artery with a heparinized syringe. Arterial blood pH, PaCO 2 and PaO 2 were immediately measured with a blood gas analyzer (IL1360, Instrumentation Laboratory, Milan, Italy).
To measure blood glucose levels, blood was collected via a catheter in the jugular vein. Whole blood was transferred to a test tube containing sodium fluoride, and glucose concentrations were then measured using a blood glucose test meter (GT-1640, Arkray Inc., Kyoto, Japan).
Baseline cardiopulmonary data (pre-data) such as rectal temperature, heart rate, respiratory rate, blood glucose, pHa, PaCO 2 , PaO 2 , ICP and arterial blood pressure were recorded in all cattle in the standing position prior to medication. In both groups, cardiopulmonary measurements were recorded every 30 min throughout the period of anesthesia.
Statistical analysis: Data are expressed as the mean ± standard deviation. Statistical analysis was carried out by Student's t-test to identify significant differences between the SR and RR groups. Differences were considered significant at p<0.05.
RESULTS
Manipulation of the neurosurgical operating table:
The present study confirmed that the introduction of cattle to our neurosurgical operating table, the maintenance of inhalation anesthesia, restraint of the animals in the sternal recumbent position, and bringing the cattle out of anesthesia could all be safely carried out on our experimental table (Fig. 1B) .
Clinical signs of cattle during anesthesia: The induction of and recovery from anesthesia was uneventful in all SR cattle. In this group, no complications such as regurgitation or ruminal tympany were observed during the entire 480 min of anesthesia. In contrast, all cattle of the RR group suffered ruminal tympany and regurgitated ruminal fluid at 180 min after the induction of anesthesia. Therefore, it was not possible to maintain anesthesia in this RR group. All cattle of both groups were able to stand up within 1 hr after the end of anesthesia, and normally walked within 2 hr.
Changes in ICP and arterial blood pressure: In the standing position prior to medication, the mean ICPs of the SR and RR groups were 5.3 ± 2.2 mmHg and 6.9 ± 3.3 mmHg, respectively (Fig. 2) . The mean ICP of the SR group increased slightly at 15 and 60 min of maintenance anesthesia, and then remained constant at approximately 7 mmHg from 90 to 480 min after the induction of anesthesia. The mean ICP of the RR group increased after the induction of anesthesia, reaching 15.4 ± 0.2 mmHg at 60 min of maintenance anesthesia. The mean ICP was significantly lower in the SR group than in the RR group at 30, 120 and 150 min (Fig. 2) . Additionally, the maximum and minimum ICPs were significantly lower in the SR group at 30, 120 and 150 min (Table 1 ). In the standing position prior to medication, the MAPs of the SR and RR groups were 127 ± 6.2 mmHg and 133.4 ± 0.7 mmHg, respectively. The MAPs of both groups decreased in the first 30 to 60 min following anesthesia, and then increased at 120 to 150 min of maintenance anesthesia. There were no significant differences in MAP, SAP or DAP between groups (Table 1 and Fig. 2) , however, all three measurements of the SR group tended to be lower than those of the RR group during anesthesia.
Changes in arterial blood gases:
The PaO 2 levels of the SR and RR groups were increased at 296.7 ± 53 mmHg and 236 ± 11.3 mmHg, respectively, until 15 min after anesthesia, after which point the PaO 2 levels of the SR group remained higher than those of RR group during anesthesia (Fig. 3) . PaO 2 was significantly higher in the SR group at 150 and 180 min after the induction of anesthesia (P<0.05). There were no significant differences in arterial blood pH or PaCO 2 between the two groups at any time during anesthesia (Fig. 3) .
Changes in rectal temperature, heart rate, respiratory rate and blood glucose concentrations: There were no significant differences in rectal temperature, heart rate, respiratory rate and blood glucose concentrations between SR and RR groups at any time during anesthesia (Table 2) .
DISCUSSION
In the present study, we found that our neurosurgical operating table made it possible to place adult cattle in the sternal recumbent position and to safely maintain inhalation anesthesia with isoflurane for at least 8 hr. When the posture of cattle is changed from the standing position to the lateral or dorsal recumbent position, heart rate, respiratory rate and plasma cortisol levels increase, while PaO 2 decreases [9, 20, 21] . In addition, general anesthesia and recumbency cause complications such as regurgitation, ruminal tympany and myositis in cattle [16] . Because of these complications, it is difficult to maintain inhalation anesthesia for long periods of time. In the present study, because all cattle of the RR group were observed to suffer ruminal tympany and regurgitated ruminal fluid at 3 hr after the induction of anesthesia, it was impossible to maintain anesthesia. When anesthetizing cattle, the positioning of the animal presents problems related to both size and anatomy. Ventilation is markedly compromised in dorsal recumbency due to the weight of the animal and pressure from the abdominal organs on the diaphragm. Rugh et al. report that, because ventilatory efficiency is best in the sternal position, cattle should be rolled to sternal recumbency immediately upon completion of surgery [16] . In the present study, cattle were placed in the sternal recumbent position using an air bag on the operating table, and their heads were further raised to 30 cm by the head lift during anesthesia. Because this posture facilitates the dissipation of excessive ruminal gases which may accumulate during anesthesia, no SR cattle in the present study suffered ruminal tympany, regurgitation or myositis during their 8 hr of anesthesia.
The CNS disease such as hydrocephalus, intraorbital lymphoma and intraorbital abscess is reported in cattle [23] , and these CNS diseases may require neurosurgical correction for functional recovery. The monitor and control of ICP with neurosurgery is carried out in human, dog and cat [1, 5, 19] , and it is important for the management of brain edema and hemorrhage [19, 24] . However, in cattle, very little research has been conducted on changes in ICP [2] . It is important to maintain a low ICP during neurosurgery in order to prevent cerebral hemorrhage [22] . In the present study, the ICPs of cattle in the sternal recumbent position were significantly lower than those of cattle in the lateral recumbent position during anesthesia. Changes in posture are known to affect the ICPs of humans and dogs [3, 12, 13, 18] . Shah reports that the extradural pressure was greatest in the supine position and least in the prone position in human patients, the mean pressure being 22.6, 14.8 and 2.2 cmH 2 O in the supine, lateral and prone positions, respectively [18] . Changes in extradural pressure probably result from changes in cerebrospinal fluid (CSF) pressure caused by alterations in blood volume within the extradural space [18] . Changes in CSF pressure are associated with changes in cerebral blood volume [3] . In the present study, the increase in ICP in the lateral recumbent position may be caused by an increase in cerebral blood volume with changes in posture. Changes in head position are known to affect ICP and cerebral blood volume in humans and cats [10, 12] . In anesthetized human patients, differences have been observed between head-up and head-down tilt, specifically, cerebral blood volume was found to decrease with an 18° head-up tilt and increase with an 18° head-up tilt [12] . The ICP of cats was found to have increased significantly at 10 min in the head-down tilt position as compared with a control position [10] . In the present study, the ICP of SR cattle in a 30 cm head-up position was lower than that of RR cattle without the head-up position. Lovell et al. report that the reduction in cerebral blood volume might be caused by a reduction in the volume of the venous and/or capillary compartments; they also suggest that changes in cerebral blood volume are unlikely to be the result of an increase in the arterial compartment, because arterial blood pressure did not change during tilting in their experiments [12] . In the present study, we observed similar results in the changing ICPs of cattle depending on head position, but arterial blood pressure showed no significant changes between the two tested groups.
Hypertension has been shown in adult cattle anesthetized with halothane, isoflurane or sevoflurane [6, 8, 17] . This hypertension is associated with a decrease in cardiac output and an increase in heart rate and total vascular resistance [17] . In the present study, hypertension was recorded from 120 min after the induction of anesthesia, compared with premedication measurements. We observed results similar to those previously reported, such as an increase in heart rate in both groups after the induction of anesthesia with isoflurane. On the other hand, MAP and heart rate were decreased from 15 to 60 min after the induction of anesthesia with xylazine-ketamine-isoflurane in both groups in this study. This decrease in MAP and heart rate are probably attributable to a characteristic response to the injection of xylazine. Although MAP did not change significantly in isofluraneanesthetized cattle, the administration of a xylazine-ketamine drug combination to calves has been found to produce immediate decreases in MAP, heart rate and cardiac output [6, 15] . A decrease in MAP after the injection of xylazine may be attributed to bradycardia as a result of CNS depression and vasodilation [11, 15] .
In the present study, PaO 2 levels in the SR group were higher than those in the RR group during anesthesia. One factor contributing to decreased PaO 2 in the lateral recumbent position is reduced functional residual capacity with displacement of the diaphragm by the abdominal viscera, or the elimination of ventilation in the lung by compression of the diaphragmatic portions of the lungs [20] . In anesthetized horses, lateral or dorsal recumbency results in a decrease in functional residual capacity, vital capacity and residual volume [20] .
In the present study, we observed that arterial pH decreased slightly with time, indicating the development of metabolic acidosis, possibly as a result of an increase in PaCO 2 . Specifically, PaCO 2 levels in the SR group tended to increase from 300 to 480 min after the induction of anesthesia, possibly due to the lower absorption capacity of carbon dioxide in an absorber whose efficiency has been reduced by long-time anesthesia. All SR cattle in the present study recovered from anesthesia without complications. In addition, all cattle were able to stand up within 1 hr after the end of anesthesia, and walked within 2 hr. In cattle, the time to standing position and walking from the end of sevoflurane anesthesia for 75 min has been found to be 16 min and 2 hr, respectively [8] .
The present findings suggest that in the case of long-time anesthesia in cattle, the sternal recumbency with a head-up position makes it possible to maintain lower ICP levels and to prevent complications. The neurosurgical operating table developed in the present study may thus be useful for longtime anesthesia and neurosurgery in adult cattle.
